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Accurate estimation of the tibiofemoral contact forces relies on exact kinematics and joint geometry. Subject-specific kinematic constraints representing contact point trajectories derived from fluoroscopic measurements during lunge are introduced in a musculoskeletal model of the lower limb and compared to generic kinematic constraints. The medial, lateral and total contact forces during gait and squat are validated using the data of four patients with an instrumented prosthesis. The accuracy of the estimated contact forces (both with subject-specific and generic kinematic constraints) remains close to the level reported in the literature. The mean root mean square errors range from 0.32 to 0.52 body weights for gait and from 0.27 to 0.72 body weights for squat. The impact of the subject-specific contact point trajectories is not found substantial or consistent between patients and tasks. Indeed, the kinematics of the total knee prostheses remains close to the kinematics of a hinge joint and the contact point locations remain generally centred at 20 mm from the tibia centreline (close to the constant value defined in the generic constraints). The contact point trajectories are also suspected to differ between tasks (lunge vs. gait and squat). While the contact point trajectories have been reported to be sensitive model parameters, no clear improvement of the contact force accuracy is demonstrated on patients with instrumented prosthesis. The introduction (as kinematic constraints) of fluoroscopy-based contact point trajectories may be considered in cases where these trajectories are significantly altered, as reported for osteoarthritis patients.

Introduction

Accurate estimation of the tibiofemoral contact forces relies on exact kinematics and joint geometry. Several subject-specific musculoskeletal models based on fluoroscopy data have been developed in the past. The measured tibiofemoral kinematics was directly applied to the model [START_REF] Zheng | Integrating dynamic stereo-radiography and surface-based motion data for subject-specific musculoskeletal dynamic modeling[END_REF] or translated into spline functions coupling the joint degrees of freedom (DoFs) [START_REF] Gerus | Subject-specific knee joint geometry improves predictions of medial tibiofemoral contact forces[END_REF]. To estimate the medial and lateral contact forces in addition to the total tibiofemoral contact forces, the contact point trajectories are also required and appear to be sensitive parameters [START_REF] Lerner | How tibiofemoral alignment and contact locations affect predictions of medial and lateral tibiofemoral contact forces[END_REF][START_REF] Saliba | Sensitivity of medial and lateral knee contact force predictions to frontal plane alignment and contact locations[END_REF][START_REF] Zeighami | Knee medial and lateral contact forces in a musculoskeletal model with subject-specific contact point trajectories[END_REF]. These contact point trajectories, translated into kinematic constraints, have been recently personalised using biplane radiography acquired during quasi-static squat movements [START_REF] Zeighami | Knee medial and lateral contact forces in a musculoskeletal model with subject-specific contact point trajectories[END_REF], but not using fluoroscopy acquired during dynamic tasks.

Furthermore, the accuracy of musculoskeletal models with subject-specific contact point trajectories has not been evaluated yet.

Such validation requires a comprehensive dataset (e.g. Grand Challenge Competition to Predict In Vivo Knee Loads [START_REF] Fregly | Grand challenge competition to predict in vivo knee loads[END_REF], CAMS-knee project [START_REF] Taylor | A comprehensive assessment of the musculoskeletal system: The CAMS-Knee data set[END_REF]) where fluoroscopy was performed during dynamics tasks on patients with an instrumented prosthesis. All CAMS-knee patients had fluoroscopy measurements (synchronised with marker motion and ground reaction measurements) during different dynamic tasks, while two Grand Challenge patients (JW and PS) had fluoroscopy measurements during treadmill gait. For all these measurements, fluoroscopy was mono-plane which makes the estimation of contact point trajectories difficult unless relying on an auxiliary computational contact model [START_REF] Zhao | In vivo medial and lateral tibial loads during dynamic and high flexion activities[END_REF]. Though, biplane fluoroscopy measurements have been also reported during lunge and chair rising-sitting for three Grand Challenge patients (DM, SC, and PS) [START_REF] Varadarajan | In vivo contact kinematics and contact forces of the knee after total knee arthroplasty during dynamic weightbearing activities[END_REF].

The objective of this study is therefore to validate the medial, lateral and total tibiofemoral contact forces estimated during over-ground gait and squat by a musculoskeletal model with subject-specific contact point trajectories derived from the fluoroscopy measurements performed on the four Grand Challenge patients. It is hypothesised that the accuracy of the contact forces can be improved by these subject-specific contact point trajectories compared to generic ones.

Material and Methods

Subject-specific contact point trajectories

The characteristics of the four Grand Challenge patients [START_REF] Fregly | Grand challenge competition to predict in vivo knee loads[END_REF][START_REF] Varadarajan | In vivo contact kinematics and contact forces of the knee after total knee arthroplasty during dynamic weightbearing activities[END_REF][START_REF] Zhao | In vivo medial and lateral tibial loads during dynamic and high flexion activities[END_REF] including their age at the time of fluoroscopy measurements and motion capture (marker motion, ground reaction and electromyography measurements) are displayed in Table 1. The implants were made of a posterior cruciate-retaining femoral component and a standard congruent fixed-bearing tibial insert. For one patient (JW), the prosthesis kinematics during treadmill gait and the contact point trajectories resulting from a computational contact model are taken from [START_REF] Zhao | In vivo medial and lateral tibial loads during dynamic and high flexion activities[END_REF]. The prosthesis kinematics was measured using monoplane fluoroscopy. An accuracy of 1.1 deg and of 0.5 mm (in plane) to 6.6 mm (out of plane) was reported by the authors [START_REF] Banks | Accurate measurement of three-dimensional knee replacement kinematics using single-plane fluoroscopy[END_REF]. The contact points correspond to the centres of pressure of an elastic foundation model driven by the fluoroscopy-based kinematics (flexion-extension, internal-external rotation, and anteriorposterior displacement only), with a maximal knee flexion reaching 65 deg. For the three other patients (DM, SC, and PS), the prosthesis kinematics and the contact point trajectories are digitised from curves displaying one cycle of knee lunge [START_REF] Varadarajan | In vivo contact kinematics and contact forces of the knee after total knee arthroplasty during dynamic weightbearing activities[END_REF], with a maximal knee flexion reaching 85 to 95 deg. The prosthesis kinematics was measured using bi-plane fluoroscopy. An accuracy of 0.05 deg and 0.38 mm was reported by the authors. The contact points correspond directly to the centroids of the intersection area between each femoral condyle and polyethylene articular surfaces (tibial inserts). The contact point trajectories on the tibial inserts are illustrated in Figure 1.

Musculoskeletal model

A 3D lower limb musculoskeletal model made of five segments (pelvis, thigh, patella, shank and foot), five joint DoFs, and forty-three muscle lines of action [START_REF] Moissenet | A 3D lower limb musculoskeletal model for simultaneous estimation of musculo-tendon, joint contact, ligament and bone forces during gait[END_REF][START_REF] Zeighami | Knee medial and lateral contact forces in a musculoskeletal model with subject-specific contact point trajectories[END_REF] is used in this study. For the tibiofemoral joint, subject-specific kinematic constraints are introduced in the musculoskeletal model as the position of the contact points on the medial and lateral condyles and plateaus, expressed in the thigh and shank segment coordinate systems as a function of the tibiofemoral flexion angle [START_REF] Zeighami | Knee medial and lateral contact forces in a musculoskeletal model with subject-specific contact point trajectories[END_REF]. For that, the positions of the femoral component and tibial insert with respect to the corresponding bones are obtained from the four patient CT-scans [START_REF] Fregly | Grand challenge competition to predict in vivo knee loads[END_REF].

Subject-specific patellofemoral kinematic constraints (hinge joint and isometric patellar tendon) are also derived from the CT-scans. For one of the patients (PS), this modelling approach showed errors of 13 deg in flexion, 11 and 5 mm in anterior and superior displacements during unloaded leg-swing [START_REF] Marra | A Subject-Specific Musculoskeletal Modeling Framework to Predict In Vivo Mechanics of Total Knee Arthroplasty[END_REF].

For comparison, generic kinematic constraints are built to represent generic couplings between joint DoFs and two contacts at 20 mm from the tibia centreline [START_REF] Gerus | Subject-specific knee joint geometry improves predictions of medial tibiofemoral contact forces[END_REF][START_REF] Zeighami | Knee medial and lateral contact forces in a musculoskeletal model with subject-specific contact point trajectories[END_REF]. These generic couplings are based on an ellipse moving on a line with specified contact points [START_REF] Delp | An interactive graphics-based model of the lower extremity to study orthopaedic surgical procedures[END_REF]. The polynomials defining the subject-specific and generic kinematic constraints are provided in Supplementary Table S1.

The muscular geometry was scaled based on the average of the thigh and shank lengths. After inverse kinematics with either the subject-specific or the generic kinematic constraints, the musculo-tendon forces and contact forces are computed by minimising simultaneously the sum of the squared activations and the sum of the squared hip, knee and ankle contact forces.

On the same patients, with generic kinematic constraints, a similar simultaneous minimisation has been reported to provide accurate muscle excitations and total tibiofemoral contact forces [START_REF] Zargham | Inverse dynamic estimates of muscle recruitment and joint contact forces are more realistic when minimizing muscle activity rather than metabolic energy or contact forces[END_REF]. Minimisation of the contact forces was also introduced in the model calibration to obtain accurate tibiofemoral contact force predictions for patient JW [START_REF] Gerus | Subject-specific knee joint geometry improves predictions of medial tibiofemoral contact forces[END_REF] and patient DM [START_REF] Lerner | How tibiofemoral alignment and contact locations affect predictions of medial and lateral tibiofemoral contact forces[END_REF]. In the present study, hip, patellofemoral, medial and lateral tibiofemoral and ankle contact forces are normalised by 3, 1, 1.5, 1.5, and 3 body weights (BW) respectively to be aggregated with the musculo-tendon activations. Thanks to the formulation of the kinematic constraints, the medial and lateral tibiofemoral contact forces (corresponding to Lagrange multipliers [START_REF] Zeighami | Knee medial and lateral contact forces in a musculoskeletal model with subject-specific contact point trajectories[END_REF]) are directly computed along the contact point trajectories while considering a 3D joint equilibrium. Hip, patellofemoral, and ankle contact forces are also computed through Lagrange multipliers [START_REF] Moissenet | A 3D lower limb musculoskeletal model for simultaneous estimation of musculo-tendon, joint contact, ligament and bone forces during gait[END_REF] but are not specifically investigated in the present validation study.

Statistics

Based on five gait cycles and four squat cycles for each patient, mean and standard deviation of errors on peak forces, root mean square errors (RMSE) and coefficients of determination (R 2 ) are computed between the estimated and the measured contact forces. In addition, concordance coefficients (C, percentage of phases with matched active/inactive states) are computed between the estimated musculo-tendon forces and the measured electromyographic (EMG) signals [START_REF] Moissenet | A 3D lower limb musculoskeletal model for simultaneous estimation of musculo-tendon, joint contact, ligament and bone forces during gait[END_REF][START_REF] Zeighami | Knee medial and lateral contact forces in a musculoskeletal model with subject-specific contact point trajectories[END_REF] of gluteus maximus, gluteus medius, adductor magnus, vastus medialis, vastus lateralis, rectus femoris, semimembranosus, biceps femoris long head, tensor fascia latae, gastrocnemius medialis, gastrocnemius lateralis, soleus, tibialis anterior, and peroneus longus. To do so, the gait cycle is divided into seven phases (loading response to terminal swing) and the squat cycle is divided into three phases (descent, maximum flexion, and ascent). Inverse kinematics marker residuals are also assessed.

Results

With the fluoroscopy-based contact point trajectories, the mean RMSEs of the total contact force across gait cycles and patients range from 0.32 to 0.52 BW and the mean coefficients of determination range from 0.71 to 0.92. For squat, mean RMSEs and R 2 range between 0.27 and 0.72 BW and between 0.53 and 0.95. This personalisation did not systematically improves the accuracy of contact forces (Figures 2&3, Tables 2&3) and the mean differences between subject-specific and generic kinematic constraints on the peaks is 0.14 BW for gait and 0.50 BW for squat. Inverse kinematics marker residuals remains between 10 and 24 mm for gait and between and 14 and 37 mm for squat. The estimation of musculo-tendon forces remains mostly with the same level of concordance (C from 58.7% to 73.2%).

Discussion

The objective of this study is to validate the tibiofemoral contact forces obtained from a musculoskeletal model with subject-specific contact point trajectories. The kinematic constraints derived from fluoroscopic measurements are introduced in the model at both inverse kinematics and inverse dynamics steps and, therefore, impact the computation in several ways. First, the joint kinematics is modified (Supplementary Figures S1 &S2). This implies a slightly altered knee joint position with respect to the force plates and thus altered external flexion-extension and adduction-abduction moments. Second, the muscle lever arms are directly changed [START_REF] Gerus | Subject-specific knee joint geometry improves predictions of medial tibiofemoral contact forces[END_REF][START_REF] Koo | Three-Dimensional Kinematic Coupling of the Healthy Knee During Treadmill Walking[END_REF] as well as musculo-tendon lengths and velocities. Third, the contact points where the contact forces are computed are also directly changed (Dumas et al., 2020b;[START_REF] Zeighami | Knee medial and lateral contact forces in a musculoskeletal model with subject-specific contact point trajectories[END_REF]. As consequence, musculotendon forces, total tibiofemoral contact force and its distribution between the medial and lateral compartments are potentially all impacted. The hypothesis that the accuracy of the contact forces is improved by subject-specific contact point trajectories cannot be confirmed.

Indeed, the impact of the subject-specific contact point trajectories is not found substantial or consistent between patients and tasks.

It can be understood that the generic kinematic constraints generally provide a fair representation of the studied prosthesis kinematics and contact point trajectories and, therefore, only minor improvements could be expected. Indeed, it was already shown for patient PS that accurate contact forces can be predicted during gait with a simple hinge joint model at the knee [START_REF] Marra | A Subject-Specific Musculoskeletal Modeling Framework to Predict In Vivo Mechanics of Total Knee Arthroplasty[END_REF]. Additionally, it was shown for patient DM that the sensitivity of the contact force to contact location is limited to 0.06 BW/mm [START_REF] Lerner | How tibiofemoral alignment and contact locations affect predictions of medial and lateral tibiofemoral contact forces[END_REF]. In the present study, the contact point locations, except for the lateral compartment of patient SC, remain centred around 20 mm from the tibia centreline (Figure 1), i.e. close to the constant value defined in the generic kinematic constraints. The polynomial constants for the position of the contact point about the Z-axis (Supplementary Table S1) range between 18 and 22 mm in absolute values (16 and 30 mm for patient SC). The impact of the kinematic constraints on the marker residuals is also marginal. Moreover, it is possible that the contact point trajectories observed during lunge are not replicated during gait and squat (as well as between treadmill and over-ground gait for patient JW). Yet, the contact point trajectories were not really different between the lunge and chair rising-sitting movements [START_REF] Varadarajan | In vivo contact kinematics and contact forces of the knee after total knee arthroplasty during dynamic weightbearing activities[END_REF]. The lunge movement has been preferred to the chair rising-sitting movement because it demonstrated, on patient DM, PS, and SC, higher and better balanced contact forces between medial and lateral compartments, more similar to the ones observed during treadmill gait for patient (JW) [START_REF] Zhao | In vivo medial and lateral tibial loads during dynamic and high flexion activities[END_REF]. It is important to note that the two sessions (lunge vs. gait and squat) were separated of 2 to 4 years in time (Table 1). Still, using inverse kinematics, the kinematics derived from the subjectspecific contact point trajectories (trajectories obtained during lunge movement two years before) and the kinematics measured during treadmill gait for patient PS compare favorably (Supplementary Figure S1).

The accuracy of the estimated total contact force (both with subject-specific and generic kinematic constraints) during gait remains close to the level reported by [START_REF] Zargham | Inverse dynamic estimates of muscle recruitment and joint contact forces are more realistic when minimizing muscle activity rather than metabolic energy or contact forces[END_REF] and does not reach the level of more advanced modelling [START_REF] Chen | Evaluation of a subject-specific musculoskeletal modelling framework for load prediction in total knee arthroplasty[END_REF][START_REF] Gerus | Subject-specific knee joint geometry improves predictions of medial tibiofemoral contact forces[END_REF][START_REF] Marra | A Subject-Specific Musculoskeletal Modeling Framework to Predict In Vivo Mechanics of Total Knee Arthroplasty[END_REF][START_REF] Viceconti | Pre-operative prediction of soft tissue balancing in knee arthoplasty part 1: Effect of surgical parameters during level walking[END_REF]. On the same patients, a comparable level of concordance between estimated musculo-tendon forces and EMG signals (about 60%) has been previously reported with other generic kinematic constraints [START_REF] Moissenet | A 3D lower limb musculoskeletal model for simultaneous estimation of musculo-tendon, joint contact, ligament and bone forces during gait[END_REF].

Using the CAMS-knee dataset, the total contact force accuracy of a generic musculoskeletal model was reported at 47.5% for gait and 105.7% for squat [START_REF] Imani Nejad | The Capacity of Generic Musculoskeletal Simulations to Predict Knee Joint Loading Using the CAMS-Knee Datasets[END_REF] while it ranges between 18.3% and 50.5% for gait and between 28.6% and 61.4% for squat in the present study.

The present study presents some limitations. Few model parameters out of many (and typically the muscle lines of action and muscle strength) have been personalised. The patellofemoral joint has been personalised based on CT-scans but with a simplified hinge model. Modelling of the patellofemoral joint as a hinge (generic or subject-specific) is common in musculoskeletal modelling [START_REF] Barzan | Development and validation of subject-specific pediatric multibody knee kinematic models with ligamentous constraints[END_REF][START_REF] Modenese | An open source lower limb model: Hip joint validation[END_REF][START_REF] Xu | An Integrated Musculoskeletal-Finite-Element Model to Evaluate Effects of Load Carriage on the Tibia During Walking[END_REF] and was already applied on the Grand Challenge dataset [START_REF] Marra | A Subject-Specific Musculoskeletal Modeling Framework to Predict In Vivo Mechanics of Total Knee Arthroplasty[END_REF][START_REF] Moissenet | A 3D lower limb musculoskeletal model for simultaneous estimation of musculo-tendon, joint contact, ligament and bone forces during gait[END_REF][START_REF] Viceconti | Pre-operative prediction of soft tissue balancing in knee arthoplasty part 1: Effect of surgical parameters during level walking[END_REF]. The present study exploits the only materials available to validate a musculoskeletal models with subject-specific contact point trajectories and is limited to four elderly patients. The contact point trajectories can differ between lunge, (treadmill and overground) gait and squat, and can vary from time to time. For patient JW, the contact point trajectories are defined during treadmill gait and are extrapolated for knee flexion exceeding 65 deg, which may provide unrealistic kinematics during squat (Supplementary Figure S2).

Mobile fluoroscopy systems exist nowadays [START_REF] Gray | Threedimensional motion of the knee-joint complex during normal walking revealed by mobile biplane x-ray imaging[END_REF][START_REF] Postolka | Tibio-femoral kinematics of the healthy knee joint throughout complete cycles of gait activities[END_REF] that can provide, simultaneous to motion capture, more representative contact point trajectories during over-ground gait or other tasks. Due to the study limitations, it is currently difficult to definitively conclude on the usefulness of the subject-specific kinematic constraints based on fluoroscopy-based contact point trajectories. Model personalisation increases complexity, processing time and costs and should only target sensitive model parameters. The contact forces are certainly sensitive to the contact point trajectories (Dumas et al., 2020b;[START_REF] Lerner | How tibiofemoral alignment and contact locations affect predictions of medial and lateral tibiofemoral contact forces[END_REF][START_REF] Nissan | Review of some basic assumptions in knee biomechanics[END_REF][START_REF] Saliba | Sensitivity of medial and lateral knee contact force predictions to frontal plane alignment and contact locations[END_REF][START_REF] Zeighami | Knee medial and lateral contact forces in a musculoskeletal model with subject-specific contact point trajectories[END_REF] but no clear improvement of the accuracy could have been currently demonstrated. The CAMS-Knee dataset (with mobile mono-plane fluoroscopic measurements and simultaneous motion capture [START_REF] Taylor | A comprehensive assessment of the musculoskeletal system: The CAMS-Knee data set[END_REF] may help in demonstrating this improvement if an auxiliary computational contact model driven by the fluoroscopy-based kinematics [START_REF] Zhao | In vivo medial and lateral tibial loads during dynamic and high flexion activities[END_REF] is used to compute the contact point trajectories. This could be considered in a future study, also investigating different tasks (downhill walking, stair descent, sitting and rising from a chair) and another prosthesis design.

For validation purpose, the present study and the studies mentioned in perspective are performed on patients with total knee prostheses, but subject-specific contact point trajectories can be obtained the same way on patients or subjects without an implant [START_REF] Gray | Threedimensional motion of the knee-joint complex during normal walking revealed by mobile biplane x-ray imaging[END_REF][START_REF] Koo | Three-Dimensional Kinematic Coupling of the Healthy Knee During Treadmill Walking[END_REF]. Typically, in the case of knee osteoarthritis, the contact point trajectories, among other joint and muscle factors, are modified by the pathology [START_REF] Scarvell | Kinematics of knees with osteoarthritis show reduced lateral femoral roll-back and maintain an adducted position. A systematic review of research using medical imaging[END_REF] and restored by the arthroplasty [START_REF] Li | Articular contact kinematics of the knee before and after a cruciate retaining total knee arthroplasty[END_REF]. The alteration of the contact points appears to be a clinically relevant parameter to assess joint pathology [START_REF] Farrokhi | Altered tibiofemoral joint contact mechanics and kinematics in patients with knee osteoarthritis and episodic complaints of joint instability[END_REF][START_REF] Zeighami | Tibio-femoral joint contact in healthy and osteoarthritic knees during quasi-static squat: A bi-planar X-ray analysis[END_REF] as well as prosthetic performance [START_REF] Gray | Comparison of posterior-stabilized, cruciate-retaining, and medial-stabilized knee implant motion during gait[END_REF][START_REF] Nicolet-Petersen | Small differences in tibial contact locations following kinematically aligned TKA from the native contralateral knee[END_REF]. For instance, the contact point trajectories can help estimating the in vivo slip velocity [START_REF] Andriacchi | The Use of Functional Analysis in Evaluating Knee Kinematics[END_REF]Dumas et al., 2020a;[START_REF] Hamilton | Quantifying Multidirectional Sliding Motions in Total Knee Replacements[END_REF] which is an important parameter, together with the estimated in vivo contact force, for characterising wear in the prosthetic components. These clinically relevant parameters could be profitably taken into account in the musculoskeletal model. 
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Supplementary figure and table caption

Supplementary Table S1: Polynomials (function of the tibiofemoral flexion) defining the generic and subject-specific kinematic constraints: position of the contact points on the medial and lateral condyles and plateaus, expressed in the femoral components and tibial inserts coordinate systems. The transformations from the femur (thigh segment) and tibia (shank segment) coordinate systems to the femoral components and tibial inserts coordinate systems are also provided. Supplementary Figure S1: Mean (and standard deviation) of the tibiofemoral kinematics obtained by inverse kinematics with the generic (orange lines and areas) and the subject-specific kinematic constraints (blue lines and areas) during gait.

For patient PS, the kinematics measured by mono-plane fluoroscopy during treadmill gait .(red circles of 143 frames [START_REF] Fregly | Grand challenge competition to predict in vivo knee loads[END_REF]) is also displayed. The correspondence between the percentages of the over-ground gait cycle and the treadmill gait frames is based on the mean flexion value. Supplementary Figure S2: Mean (and standard deviation) of the tibiofemoral kinematics obtained by inverse kinematics with the generic (orange lines and areas) and the subject-specific kinematic constraints (blue lines and areas) during squat. Supplementary Table S1 See xls file.
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